. While the loss of these positive responses is consistent with a marked Summary decrease in BCR-induced protein tyrosine phosphorylation in tolerant B cells (Cooke et al., 1994) , their BCRs It is not known how immunogenic versus tolerogenic nevertheless retain the full capacity to transmit negative The BCR promotes mitogenesis and immune re-B cells lacking the phosphatase CD45 did not exhibit sponses by initiating a branching biochemical cascade calcium oscillations or ERK/pp90rsk activation, nor of tyrosine kinases and second messengers such as did they repond negatively to self-antigen. These data calcium (reviewed by Gold and DeFranco, 1994; Camreveal striking biochemical differences in BCR signal bier et al., 1994). In turn, these induce gene expression ing to the nucleus during positive selection by foreign by translocating cytoplasmic transcription factors such antigens and negative selection by self-antigens.
for HEL were obtained from IgM/IgD trangenic mice in which the cells developed without HEL antigen exposure (Goodnow et al., 1988) . Acute ligation of their BCRs with HEL or anti-IgD antibodies stimulated a biphasic calcium response: a large, transient increase in intracellular calcium concentration ([Ca 2ϩ ] i ) followed by a smaller persistent calcium plateau ( Figure 1A , dashed lines).
In tolerant HEL-specific B cells that developed in mice carrying a soluble HEL transgene, the BCRs were chronically engaged by circulating self-antigen (Goodnow, et al., 1988; Mason et al., 1992) , and [Ca 2ϩ ] i regulation was altered in two respects: in tolerant cells, basal [Ca 2ϩ ] i was elevated by 120 nM, and in vitro ligation of their BCRs with HEL or with anti-IgD failed to evoke the large [Ca 2ϩ ]i transient (Figures 1A and 1C) even though IgD BCRs were expressed at normal levels. Single-cell analysis revealed that the mean elevation of basal calcium in tolerant B cells resulted from asynchronous calcium oscillations that were rapidly quenched by chelation of extracellular calcium ( Figure 1B ). To determine if the [Ca 2ϩ ] i oscillations were the result of repeated binding of self-antigens, tolerant B cells were transferred to mice that did not express HEL. Within 2 days after transfer, [Ca 2ϩ ]i oscillations in the tolerant cells disappeared and the mean basal [Ca 2ϩ ]i was reduced to the level of resting naive B cells. [Ca 2ϩ ]i oscillations and elevated mean [Ca 2ϩ ] i persisted in control transfers of tolerant B cells into HEL-expressing mice ( Figure 1C ), demonstrating (A) [Ca 2ϩ ]i responses of naive (dashed line) and tolerant (solid line) B lymphocytes stimulated with 500 ng/ml HEL (bar) or 20 g/ml polyclonal goat anti-IgD (bar). Data are representative of six experiments. and NF-ATc (Northrop et al., 1994) , which translocate distribution of calcium means in freshly isolated naive (dashed line) to the nucleus (Flanagan et al., 1991) Clipstone and Crabtree, 1994;  cyte-deficient rag2 Ϫ/Ϫ mice expressing HEL (solid line) or lacking HEL (dashed line) and purified from the spleen 50 hr later for single- Rao, 1994) . Western blot analysis revealed that dephoscell measurements. Equivalent results were obtained in three sepaphorylated NF-ATp and NF-ATc were already located in rate experiments with transfers from 40-50 hr.
NF-ATp and NF-ATc Are Translocated to the Nuclei
the nuclei of freshly isolated tolerant B cells (Figures  2A-2C ; Tolerant lane U), whereas they were dephosphorylated and present in the nuclei of naive B cells Results only after stimulation with HEL, anti-IgD, or calcium ionophore (Naive lanes H, D, and I). Continued calcium Differential Calcium Signaling in Tolerant B Cells spiking and calcineurin activity were needed to maintain In previous analyses, tolerant B cells that respond nega-NF-ATp and NF-ATc in the nuclei of tolerant cells betively to HEL antigen had a markedly diminished BCRcause chelation of extracellular calcium or exposure to induced calcium response and diminished tyrosine cyclosporin A, which inhibits calcineurin (Liu et al., 1991 ; phosphorylation on Ig␣, Lyn, and Syk, when compared Clipstone and Crabtree, 1992) , caused both NF-ATp and to naive cells that respond positively to the same antigen NF-ATc to be exported from the nuclei to the cytoplasm (Cooke et al., 1994; M. P. Cooke and C. C. G., unpub- of tolerant B cells within 10 min (Figures 2A and 2B ; lished data). Because basal calcium levels appeared to compare lanes U, E, and C). These results show that be elevated in tolerant cells (M. P. Cooke and C. C. G., circulating self-antigens induce low-level [Ca 2ϩ ]i oscillaunpublished data), we analyzed the calcium response tions that activate calcineurin and translocate NF-ATp in more detail by single-cell calcium imaging, which is and NF-ATc to the nuclei of tolerant B cells, even though more sensitive than the flow cytometric analysis used that ligation of their receptors does not induce an initial previously.
Naive (nontolerant) B cells expressing BCRs specific calcium peak. phosphorylated (lane D), indicating that the pathway from the BCR to ERK was intact. Elevated ERK1 and ERK2 activity in tolerant B cells was confirmed by ingel-kinase assay ( Figure 3C ). pp90rsk, a substrate for ERK (Sturgill et al., 1988; Hsiao et al., 1994) , was examined to track the ERK pathway to the nucleus. Like ERK1 and ERK2, the phosphorylated active form of pp90rsk was already present in tolerant B cells and was further induced by anti-IgD. In naive B cells, the active form of pp90rsk was detected only after treatment with HEL or anti-IgD ( Figure 3D ). Nuclear ERK activity in tolerant cells was further indicated by expression of the early response gene, Egr-1, which is induced following BCR engagement via ERK (McMahon and Monroe, 1995) . Egr-1 protein was already present in the nuclei of tolerant B cells, and its expression was further induced by anti-IgD antibodies ( Figure 3E ; Tolerant lanes U and D). In contrast, in naive B cell nuclei, Egr-1 was detectable only after in vitro HEL or anti-IgD stimulation ( Figure 3E ; Naive lanes U, H, and D). Egr-1 protein disappeared when tolerant B cells were transferred into mice lacking HEL ( Figure 3F ; lane N) but persisted in control transfers into animals expressing HEL (lane H). This result demonstrates that activation of the ERK/Egr-1 pathway in tolerant B cells, like the calcium oscillations, requires continued exposure to self-antigen. the ERK pathway or both may be essential for this nega-(C) Nuclear NF-ATc quantitation from five separate experiments (dots). Bars denote arithmetic means.
Self-Antigens Do
tive response to self-antigen.
The JNK Pathway Is Not Triggered by the BCR Active ERK and pp90rsk and Expression of the Early Response Gene Egr-1 in Tolerant Cells
The finding that BCR activation of NF-AT and ERK was in Tolerant B Cells To determine if negative signaling in response to selfcomparable in naive and tolerant lymphocytes despite the opposite functional responses of these cells prompted antigens was also accompanied by activation of calcium-independent signals such as the MAPK ERK2 us to analayze other nuclear signals. The MAPK JNK is homologous to but regulated independently of the ERK (Izquierdo et al., 1993), we examined ERK2 and its downstream targets and found that tonic signaling by selfpathway (Minden et al., 1994; Sanchez et al., 1994; Yan et al., 1994; Coso et al., 1995; Minden et al., 1995) and is antigen also activated this pathway. Fifteen percent of ERK2 was already phosphorylated in freshly isolated activated by the T cell receptor in a calcium-dependent manner (Su et al., 1994) . BCR stimulation of naive B tolerant B cells (Figures 3A and 3B ; Tolerant lane U), whereas in naive B cells ERK phosphorylation was found cells induced 10% of JNK1 to migrate more slowly on Western blot analysis, consistent with phosphorylation only after in vitro stimulation with HEL or anti-IgD (Naive lanes U, H, and D). In vitro stimulation of tolerant cells and activation , and this effect was augmented by costimulation with phorbol ester (Figures with anti-IgD induced a greater fraction of ERK to be 5A-5C; lanes U, H, D, P, and DP). As measured by mobility shift, JNK1 was not phosphorylated in freshly isolated tolerant B cells, and BCR-induced phosphorylation was markedly depressed relative to naive B cells (lanes U, H, D, and DP). Comparable results were obtained by assaying the in vivo phosphorylation state of activating transcription factor-2 (ATF2), a nuclear substrate for JNK (Figure 5D ). ATF2 can also be phosphorylated by the related stress-activated protein kinase p38 (Raingeaud et al., 1995) , so that we cannot exclude the possibility that p38 may account for ATF2 phosphorylation induced in naive cells. In tolerant cells, phosphorylation of JNK1 and ATF2 was normal when the BCR was bypassed by phorbol ester and ionomycin (Figures 5C and 5D ; lane PI), indicating that signaling was disrupted between the BCR and JNK. Thus, the MAPKs ERK and JNK are both activated in naive B cells that mount a positive response, whereas they are activated differentially in tolerant B cells that make a negative response.
The NF-B Pathway Is Not Induced by the BCR in Tolerant Cells
The NF-B proteins c-Rel and Rel-A are important calcium-responsive transcriptional regulators in lymphocytes that are sequestered in the cytoplasm bound to the translocation inhibitor IB␣ until immune signals trigger their release (Liou and Baltimore, 1993; Baeuerle and Henkel, 1994; Thanos and Maniatis, 1995; Baldwin, 1996) . In naive B cells, BCR stimulation induced IB␣ degradation and nuclear translocation of c-Rel and RelA within 15 min ( Figures 6A-6C and data not shown) by a mechanism that was blocked by calcium chelation or cyclosporin A (lanes E and C). In freshly isolated tolerant cells, IB␣ degradation and c-Rel/RelA translocation were not apparent nor were they induced by in vitro stimulation with HEL (lane H), and they were only weakly stimulated by anti-IgD (lane D). Signaling appears to be blocked between the BCR and IB␣ in tolerant cells because IB␣ degradation and c-Rel/RelA translocation were induced normally by phorbol ester and ionomycin (lanes PI). Therefore, neither JNK nor NF-B is activated by the BCR in tolerant B cells. indicates the nonspecific staining background band used to quanticlosed arrowhead indicates phosphorylated active pp90rsk (Chen tate loading. et al., 1991) . Numbers under each lane indicate the fraction of immu-(F) Anti-Egr-1 Western blot of nuclear lysates from tolerant B cells noreactive pp90rsk in the active form.
transferred for 12 hr into recipient mice lacking (N) or expressing (E) Anti-Egr-1 Western blot of nuclear lysates from cells stimulated HEL (H) as in Figure 1C . ERK. By contrast, BCR stimulation with the same ligand important implications for self versus nonself discrimination and raise two key issues. First, how are diverse has a negative effect in self-reactive B cells that have been chronically exposed to HEL expressed as a selfnuclear signals activated in concert by the BCR within naive cells, but activated differentially by the same reantigen, and this is accompanied by a different calcium pattern and activation of only the NF-AT and ERK pathceptor during negative signaling in self-tolerant cells? Second, how might differential activation of nuclear sigways. B cells lacking CD45 do not detectably activate calcium or ERK signaling and lack a negative reponse nals explain the phenomenon of positive versus negative cell responses? to chronic autoantigen exposure. These findings have sponses in tolerant cells (Figure 1) . The low calcium oscillations that are induced by the self-reactive BCR in tolerant cells are in principle sufficient to explain the selective activation of NF-AT over NF-B and JNK even though all three of these signals are shown here to be calcium-and calcineurin-responsive in B cells ( Figures  2, 4 , and 5) as they are in T cells (Clipstone and Crabtree, 1994; Rao, 1994; Su et al., 1994; Baldwin, 1996) . Elevated intracellular calcium is sufficient on its own to activate calcineurin-mediated NF-AT dephosphorylation and nuclear translocation in T cells (Clipstone and Crabtree, 1994; Rao, 1994) and in B cells (Figure 2) . Moreover, NF-AT dephosphorylation and translocation is triggered by low calcium increases in the range observed in tolerant cells, whereas the higher calcium concentrations achieved during the initial spike in naive cells are necessary for NF-B and JNK activation (R. E. D. et al., submitted). In addition, NF-B and JNK cannot be activated by calcium elevation alone but require other, less welldefined second messenger systems that may also fail to be triggered efficiently by the BCR in tolerant cells.
It will be important in future work to identify the biochemical steps that allow BCRs on tolerant cells to continue to trigger the observed calcium oscillations and ERK/Egr-1 activity. By removing the tolerant cells from antigenic stimulation, these signals were shown to depend on repeated BCR engagement by HEL rather than on an irreversible change in calcium homeostasis (Figures 1 and 3) . Moreover, stimulation with polyclonal antiIgD, which elicits a greater ERK response than HEL, did so equally in naive and tolerant cells, thus indicating 1990; Justement et al., 1991; Shiroo et al., 1992; Volarevic et al., 1992; Chui et al., 1994; Benatar et al., 1996) . In Differential Versus Concerted Activation light of the association between this pattern of recurrent of Nuclear Signaling Pathways signaling and negative signaling in tolerant cells, it is Differences in the amount of BCR-induced protein tyroparticularly intriguing that lyn-deficient mice are predissine phosphorylation and calcium signaling are likely posed to autoimmunity (Hibbs et al., 1995; Nishizumi, to explain the differential activation of transcriptional et al., 1995). pathways in tolerant cells. Previous studies have established that the net tyrosine phosphorylation of many proteins, including Ig␣ and the tyrosine kinases Lyn and Role of Different Nuclear Signals in Positive Versus Negative B Cell Responses Syk, is much lower during BCR stimulation in tolerant cells compared to naive cells (Cooke et al., 1994 ; M. P.
The failure of NF-B activation in tolerant B cells may on its own explain the absence of a mitogenic response Cooke and C. C. G., unpublished data). Because of the importance of these events for activating phospholipase to BCR engagement in these cells. NF-B is a key positive regulator of inducible immune response genes in C-␥ and stimulating calcium release and entry (Cambier et al., 1994; Gold and DeFranco, 1994; Takata et al., mice and humans (reviewed by Baldwin, 1996) and in invertebrates (Ip et al., 1993) . Murine B and T lympho-1994), their diminution presumably accounts for the absence of the peak and sustained-phase calcium recytes lacking even a single copy of the c-Rel gene have a severe deficit in mitogenesis induced by their antigen elucidate how lymphocyte antigen receptors induce differential responses. receptors (Kontgen et al., 1995) . Interestingly, CD4
ϩ T cells rendered anergic by repeated exposure to the suThe present findings demonstrate that signaling by the BCR is plastic, allowing nuclear signals to be actiperantigen staphylococcal enterotoxin also have diminished nuclear RelA (Sundstedt et al., 1996) . Because of vated independently of one another. Throughout development, this plasticity may allow the antigen receptor the importance of NF-B as a proimmunity signal in diverse cell lineages and phyla, it is striking that selective to activate different combinations of signals and thereby induce alternate cell fates. Furthermore, the distinct siguncoupling of this pathway from BCRs and TCRs is associated with tolerance.
naling patterns associated with positive versus negative reponses identify pharmacologic targets for manipulatThe activation of the NF-AT and ERK pathways in tolerant B cells, on the other hand, raises the possibility ing immune responses to self or foreign antigens. Genetic differences in the tuning and balancing of these that their activity-in the absence of NF-B or JNK-is responsible for negative cell responses. This recurrent different nuclear signals represent important candidates for inherited susceptibility to immunodeficiency or autosignaling was absent in CD45-deficient B cells (Figure  4) , in which self-antigen no longer inhibits B cell survival immunity. (Cyster et al., 1996) . In particular, recurrent activation of the ERK pathway in tolerant B cells may block terminal (Hodge et al., 1996; Xanthoudakis et al., 1996) .
Single-cell calcium imaging was performed as described (Dol- Differential cellular responses are also triggered by metsch and Lewis, 1994) except that purified B cells were loaded antigen receptors in T cells, for example in T cell anergy with 1 mM fura-2 AM for 15 min at 37ЊC, settled onto glass slides, and stimulated as indicated.
(reviewed by Mueller and Jenkins, 1995) or in the negative versus positive effects of partial T cell agonists (reviewed by Kersh and Allen, 1996) . In both circum- (1995) . The small GTP-binding proteins Densitometer. The quantitation of immunoreactive NF-AT is underRac1 and Cdc42 regulate the activity of the JNK/SAPK signaling estimated under conditions in which a significant fraction is partially pathway. Cell 81, 1137-1146. phosphorylated, such as during HEL or anti-IgD stimulation, beCyster, J.G., and Goodnow, C.C. (1995a). Antigen-induced exclusion cause these partially phosphorylated forms migrate hetergenously from follicles and anergy are separate and complementary process between the fully phosphorylated and dephosphorylated forms.
that influence peripheral B cell fate. Immunity 3, 691-701. These minor bands are detected inefficiently because of the nonlinearity of X-ray film to weak signals. For the same reason, cyclosporin Cyster, J.G., and Goodnow, C.C. (1995b). Protein tyrosine phosphatase 1C negatively regulates antigen receptor signaling in B lympho-A, EGTA, or ionomycin treatment causes an apparent increase in NF-AT by driving all of the protein into fully phosphorylated or decytes and determines thresholds for negative selection. Immunity 2, 13-24. phosphorylated species. Analysis of ERK2, pp90rsk, and Egr-1 was performed as described (Cyster et al., 1996) . In-gel-kinase assay Cyster, J.G., Hartley, S.B., and Goodnow, C.C. (1994) Competition was performed as described (Samuels and McMahon, 1994) . Lyfor follicular niches excludes self-reactive cells from the recirculating sates for JNK assays were prepared and analyzed as described for B-cell repertoire. Nature 371, 389-395. ERK. Antibodies to JNK1 were from Santa Cruz Biotechnology and Cyster, J., Healy, J., Kishihara, K., Mak, T., Thomas, M., and GoodPharmingen. For ATF2, rinsed nuclei prepared as for NF-AT were now, C. (1996) . Regulation of B-lymphocyte negative and positive extracted with 400 mM NaCl in buffer Hx on ice for 20 min. Antibodies selection by tyrosine phosphatase CD45. Nature 381, 325-328. to ATF2 were kind gifts from Dr. J. Hoeffler and Dr. M. Green. Cytosolic lysates for IB␣ were performed as NF-AT. Nuclear extracts Davis, R.J. (1994) . MAPKs: new JNK expands the group. Trends Biochem. Sci. 19, 470-473. for c-Rel and RelA were prepared as for ATF2. Anti-IB␣, anti-cRel, and anti-Rel-A were from Santa Cruz Biotechnology, and antiDolmetsch, R., and Lewis, R. (1994) . Signaling between intracellular rabbit HRP was from Zymed. Ca 2ϩ stores and depletion-activated Ca 2ϩ channels generates [Ca 2ϩ ]i oscillations in T lymphocytes. J. Gen. Physiol. 103, 365-388.
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